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Abstract: The aim of this article is to evaluate optical characteristics, such as the intrinsic
conversion efficiency and the inherent light propagation efficiency of three polymethyl methacrylate
(PMMA)/methyl methacrylate (MMA) composite ZnCulnS/ZnS (core/shell) nanocrystal flexible films.
The concentrations of these were 100 mg/mL, 150 mg/mL, and 250 mg/mL, respectively. Composite
films were prepared by homogeneously diluting dry powder quantum dot (QD) samples in toluene
and subsequently mixing these with a PMMA/MMA polymer solution. The absolute luminescence
efficiency (AE) of the films was measured using X-ray excitation. A theoretical model describing the
optical photon propagation in scintillator materials was used to calculate the fraction of the generated
optical photons passed through the different material layers. Finally, the intrinsic conversion efficiency
was calculated by considering the QD quantum yield and the optical photon emission spectrum.
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1. Introduction

In recent years nanophosphors [1-4] and quantum dots (QDs) [5,6] have been investigated as
possible sensors for many applications, including but not limited to, medicine, displays, and solar
energy harvesting. QDs are semiconductor nanocrystals, in which optical properties are controlled by
their particle size, which is in the nanoscale range, as well as shape and composition [7,8]. QDs have
attracted attention since their emission spectra and electronic properties have found application as
biological labels, light emitting devices, and optoelectronic sensors [9-11]. In addition, QDs and
other scintillating materials have been proposed as candidates for ionizing radiation detectors [12-15].
On the other hand, increased awareness of the harmful effects of toxic heavy-metal compounds that
could be used in QDs has led authorities to provide relevant legislation. The European Union Directive
2011/65/EU "Restriction of the Use of Certain Hazardous Substances" (RoHS) limits the amount of
cadmium, lead, and mercury that can be used in electrical and electronic equipment to protect the
consumer and the environment from the effects of heavy-metal toxicity. Our group has reported initial
experimental results, regarding the response of QDs employing Zn, S, and Cd in their synthesis, as a
candidate for radiation detection. The detectors consisted of QDs infused in a polymethyl methacrylate
(PMMA)/methyl methacrylate (MMA) toluene [12,16-18]. However, the use of cadmium, a proven
carcinogen with (LDsg) toxicity, of 100-300 mg/kg [19] is restricted ten-fold. Where LD stands for
“Lethal Dose”. LDs is the amount of a material, given all at once, which causes the death of 50% (one
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half) of a group of test animals. Therefore, it is of importance to examine a cadmium-free QD and assess
its performance as a radiation detector. ZnCulnS/ZnS QDs are cadmium-free, hydrophobic core-shell
structured nanocrystals with an inner core of zinc copper indium sulfide encapsulated by an outer core
of zinc sulfide [20-24]. In this study, ZnCulnS/ZnS QDs infused in a PMMA/MMA toluene substrate
were excited by X-rays and their X-ray luminescence efficiency, also known as absolute efficiency (AE),
was experimentally determined. The optical photon transmission properties of the ZnCulnS/ZnS
were determined theoretically. To our knowledge, this is the first time the Absolute Efficiency of
ZnCulnS/ZnS QDs infused in a PMMA/MMA substrate have been theoretically examined and their
optical transmission properties investigated. The current work is the first step towards a thorough
investigation regarding the estimation of optimum QD-nanocrystal-based detector performance for
various combinations of thin film preparation methods, scintillator concentration, and X-ray energy.
This will allow the optimization of QDs synthesis and PMMA/MMA substrate infusion process.

2. Materials and Methods

PMMA and MMA were purchased from Sigma Aldrich and Alfa Aesar GmbH, respectively,
with the purity of the ingredients reaching 99%. Toluene was purchased from Fluka Chemica with a
purity of more than 99%. ZnCulnS/ZnS QDs were purchased from PlasmaChem GmbH in powder
form with 5 nm particle size and a 530 nm + 15 nm emitting wavelength. ZnCulnS/ZnS quantum
dots were selected due to their emission spectrum, which is compatible with the most common digital
optical sensors [25,26]. In addition, ZnCulnS/ZnS does not contain any high toxicity compounds like
cadmium, lead, mercury, or arsenide, making it an attractive alternative for use in several applications.
For the QD/PMMA fabrication, a PMMA/MMA low viscosity solution was prepared by mixing PMMA
powder with liquid MMA [15,24]. Three samples of ZnCulnS/ZnS QDs in toluene were prepared by
dissolving 100 mg, 150 mg, and 250 mg in 1 mL toluene in order achieve concentrations of 100 mg/mL,
150 mg/mL, and 250 mg/mL, respectively. Finally, 1.5 mL of the PMMA/MMA solution was added to
each sample, with samples stirred in a vortex to fabricate the final solution. Final samples were poured
into molds to obtain a cylindrical shaped scintillator of 1.9 cm base diameter and 0.9 mm height in
the form of a thin film. The molds were placed under vacuum conditions to remove any entrapped
air bubbles and in a drying chamber under 50 °C to eliminate residual solvent. A more detailed
description regarding the QD/PMMA scintillator fabrication can be found in the literature [12,16,17].

The QD/PMMA films were irradiated utilizing a BMI General Medical Merate X-ray tube (General
Medical Merate S.P.A., Bergamo, Italy) with a W anode and filtration equivalent to 2 mm Al, with tube
voltages ranging from 50 to 130 kVp. An additional 20 mm filtration was introduced in the beam to
simulate beam quality attenuation by a human body [17,27-31]. The thin films were positioned in
an integration sphere (Oriel 70451) and their light output was measured by means of a calibrated
photomultiplier in connection with a Keithley Model 6430 Sub-Femtoamp Remote SourceMeter
(Keithley Instruments Inc., Cleveland, OH, USA) electric current meter. The experimental setup is
shown in Figure 1. The exposure rate (X) of the X-rays incident on the film was measured with an
RTI PIRANHA multimeter. The absolute luminescence efficiency was calculated as a ratio of the light
energy flux, ¥, emitted by the scintillator over the incident exposure rate [1,25,27-30], that is:

_ T
X

AE (1)

The considered theoretical model has already been applied for scintillators with a crystal-like
powder and structured form [32-35]. In this model, the transfer of the signal in the scintillator can
be modeled by accounting for the transmission per layer. A fraction of the incident X-ray energy
is assumed to be absorbed in each layer. Optical photons are generated and assumed to propagate
either in a forward or backward direction. The optical photon flux is reduced either by internal optical
photon absorption or by optical photon escape when the photons were incident on the surfaces of the
crystal [32-34]. It has been assumed that per crystal layer only a fraction, hereafter called k, propagates
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to the next layer. When the optical photons reached the outer layer of the scintillator, they were either
reflected towards the detector or escaped to the output.

w BMI GMM X-ray tube

X-ray fluence /

ZnCulnS/Zns QDs
and PMMA

Detection,
digitization, and
readout circuit

Photomultiplier tube J

Window of optical
photon detection

Optical photons

from QDs Integrating sphere

Figure 1. The experimental setup for ZnSCdS/ZnS quantum dot (QD) irradiation. Legend: PMMA,
polymethyl methacrylate.

If a scintillator with a thickness T, divided into N elementary layers of thickness At = T/N is
considered, then in each elementary layer, at position n, a fraction of the incident photons deposit their
energy, E. By assuming exponential attenuation of the X-ray photons, the number of X-rays absorbed
in a layer between t and t + At is equal to

F(E)e At At 2

where f(E) is the number of the spectrum X-rays of energy E and u is the X-ray absorption coefficient
for energy E [33-35]. The absorbed X-ray energy is transformed into optical photon energy in the
scintillator. The number of the produced optical photons in the nth layer Ln can be calculated as

Lu(E) = F(E)e " uttnc )

where ¢ is the intrinsic conversion efficiency, defined as the fraction of the irradiation photon energy
that is turned into optical photon energy, and E, is the optical photon energy [33-36]. The value of
nc, as well as the optical photon emission spectrum, is largely affected by the scintillator synthesis
method [22,35,37-42].

The value of n¢ for the ZnCulnS/ZnS QDs was calculated according to literature data, where a
quantum yield (QY) of 33.65% [21] has been reported for approximately 350 nm excitation and optical
photon production at approximately 530 nm as

QY<hC / Aprod.)

B 100(hc/)\excit4) @

e
were A is the photon wavelength.
It is assumed that half of the produced optical photons are propagating forward and half backward.
By accounting for all the reflections between the scintillator input and output interfaces, the fraction of
the optical photons that escape the output equals to [40]
N-n N KNR2

M, = (1-R) L

1-k2NR2 1-k2NR2 ©)
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If all the layers are considered, the total number of optical photons produced by X-rays of energy
E that escape to the output equals to [33,34]

N
E N-n KNR2
—_ —unAt =1 _ o~ n+N_"% N
M(E) nz_:l FE)eH S uhtne = (1= R)| sz + RN s 6)
For the entire X-ray energy spectrum, AE can be calculated as
Emax
L y(E)M(E)
E=Emin
AE = = (7)
L f(E)
E:Emin

where y(E) is a conversion factor converting energy fluence (W/m2) into exposure rate (mR/s), Epin is
the lowest no-zero spectral component energy of the X-ray spectrum, and Emax corresponds to the
maximum energy component of the X-ray spectrum. The total reflection, R, in Equations (3) and (4)
has been calculated as

(n-1)*
(n+1)°
where n is the diffraction coefficient of PMMA at 535 nm taken as equal to 1.4935 [43]. The attenuation
coefficients of ZnCulnS/ZnS were calculated by Xmudat [44] by considering 0.04 mol Cu, 0.2 mol Zn,
0.2 mol In, and 0.2 mol S in the mixture for ZnCulnS/ZnS production [21], leading to fractional weights
of 5.7%, 28.9%, 51.1%, and 14.2%, respectively. In the above reference the emission spectrum of the
ZnCulnS/ZnS QDs as well as their size were very close to those used in this study, that is, the above
reference had a wavelength of 530 nm and size of 4-5 nm [45]. The value of k used in Equations (5) to
(7) was determined by fitting Equation (7) to the experimental AE results.

R =

®)

3. Results

The intrinsic conversion efficiency was found to be equal to 0.22. This value is higher than other
values reported for non-QD scintillators [1,35,36]. The physical properties of ZnCulnS/ZnS related to
ionizing radiation interaction probability, as calculated by Xmudat [44], were 2.7 x 10% electrons/g,
Zeft = 41.18, and material density 5.34 g/cm3.

In Figure 2, the energy absorption coefficients of ZnCulnS/ZnS for energies in the range of
10 keV to 130 keV are demonstrated. The K-shell energy peak, corresponding to the enhanced
photoelectric absorption, is observed at approximately 28 keV. The inset in Figure 2 shows the
normalized luminescence spectrum of the examined QDs [46].

The optical emission characteristics of the QDs/PMMA thin films depends also upon the core-
shell structure of the QDs. It has been reported [21], that although the wide-angle XRD patterns of
ZnCulnS QDs show peaks of a tetragonal chalcopyrite structure, when coated with a ZnS shell, the QDs
maintain a tetragonal structure. However, the diffraction peaks shift to larger angles, indicating a
further alloying, since ZnS has a smaller lattice constant compared to Cu-In-S [21].

In Figure 3, the values of parameter k, as presented in Equation (3), show the optical photon
transmission per layers of thickness 5 um. The values were calculated between 0.700-0.717 (average
0.708), 0.681-0.701 (average 0.691), and 0.638-0.648 (average 0.643) for 100 mg/mL, 150 mg/mL,
and 250 mg/mL QDs, respectively. It may be observed that the optical photon transmission per
layer decreased when the QD concentration is increased. Corresponding k values for single crystal
scintillators are k > 0.99 for Gd,SiOs5:Ce, Lu,SiOs5:Ce and YAIO5:Ce [33], k = 0.97 for CsL: Tl columnar
phosphors [34] and 0.38 < k < 0.7 for CdpO,S:Pr granular phosphor [35].
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Figure 2. The mass energy absorption coefficient of ZnCulnS/ZnS QDs. The inset shows the QDs’
luminescence spectrum.
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Figure 3. The optical photon transmission per 5 um (k value) for the 100 mg/mL, 150 mg/mL,
and 250 mg/mL ZnCulnS/ZnS concentrations.

In addition, in Figure 4, a comparison between the experimental AE values and the theoretical
predicted average k values of k = 0.708, k= 0.691, and k = 0.643 for 100 mg/mL, 150 mg/mL, and 250 mg/mL
QDs, respectively is shown. The deviation between the theoretical and experimental AE results for the
average k values was between 0.5% and 9.1%. The theoretical model showed better performance with
the thin film of 250 mg/mL. The corresponding experimental error was within 5%.
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Figure 4. Comparison between experimental and theoretical (based on Equation (5)) absolute efficiency
(AE) results in E.U. (1 E.U. = 1 uyW m~2/mR s™1).

In Figure 5 the change in transmission per 5 um layer with respect to the ZnCulnS/ZnS concentration
is shown. By fitting these results, the following empirical formula was able to be obtained:

k = (~0.0004 - C) + 0.7549 )

In this equation, C is the QD concentration in mg/mL.
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Figure 5. Effect of ZnCulnS/ZnS concentration on the k value.

By observing the experimental AE results, it can be deduced that AE increases with ZnCulnS/ZnS
concentration. To further investigate the AE change with increasing QD concentration, theoretical AE
values for 300 mg/mL, 400 mg/mL, and 450 mg/mL were calculated and are presented in Figure 6.
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Figure 6. Comparison between predicted AE values for 300 mg/mL, 400 mg/mL, and 450 mg/mL
ZnCulnS/ZnS concentrations for X-ray tube voltages used for radiographic applications.

The k values for 300 mg/mL, 400 mg/mL, and 450 mg/mL which were calculated by Equation
(9) were 0.6349, 0.5949, and 0.5749 respectively. By considering that the K-edge of ZnCulnS/ZnS
is approximately 28 keV, the possible utility of our QDs in lower X-ray energy applications was
investigated by calculating the corresponding AE values for monoenergetic photons with energies of
10 keV, 15 keV, and 28 keV. The results are shown in Figure 7. It can be demonstrated that AE at 28 keV,
just above the QD K-edge, as shown in Figure 2, produces the highest AE value.

100 mg/mL
150 mg/mL
250 mg/mL
300 mg/mL
400 mg/mL
450 mg/mL
0.05

Y

0.04 f .

Absolute Efficiency (E.U. units)

0-03 L] L] L] L] L]
12 16 20 24 28

X-ray Energy (kVp)

Figure 7. Predicted AE values for 100 mg/mL, 150 mg/mL, 250 mg/mL, 300 mg/mL, 400 mg/mL,
and 450 mg/mL at X-ray energies of 15 keV, 20 keV, and 28 keV.
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4. Discussion

As shown in Figure 3, a higher QD concentration leads to a lower optical photon transmission in
the detector, since the increased QD material increases the optical photon absorption and scattering
sites within the thin film. Thus, the light generated suffers more losses while propagating to the output.
This trend, however, is not demonstrated straightforwardly by our experimental AE data shown in
Figure 4, where the higher the QD concentration the better the AE. The shape of the AE curve can be
justified by the fact that the higher QD concentration offers more sites for X-ray energy absorption and
optical photon generation. Thus, for the 250 mg/mL thin film, the number of optical photons generated
per layer in the scintillator, that is, the sum

Y. Y Lu(E) (10)
E n

increases with QD concentration. The overall performance of the ZnCulnS/ZnS QDs, with respect to
AE, is a combination of the number of the optical photons generated and the rate of their absorption
as they propagate within the scintillator mass. It was found that absolute efficiency increases with
QD concentration. However, it seems to saturate over a 400 mg/mL QD concentration, as shown
by Figure 6, where the corresponding AE values of 400 mg/mL and 450 mg/mL films are very close.
Even though the higher concentration increases the probability of X-ray absorption in ZnCulnS/ZnS
mass and the production of optical photons, the overall attenuation of light as it propagates to the
output is also increased. The latter is demonstrated by the effect on the predicted k value with
increasing concentration. For example, the transmission of the optical photons per layer for the
450 mg/mL concentration is 9.5%, which is less than the 300 mg/mL concentration. For the X-ray
tube voltages used in diagnostic radiology applications, the optimum performance was found for
the 300 mg/mL concentration in all tube voltages. The calculated AE values, however, were found to
be below other values reported in the literature for non-QD powder phosphors [1,25,27-30]. Results
indicate that the nanocrystals used in our experiments may be more promising in modalities using
X-ray energies below 28 keV, such as XRD or dedicated equipment for small animal imaging and
tissue sample characterization. The presented results are based on the optical parameters derived from
the experimental AE data of the prepared thin films. Further investigation into the improvement of
the QD thin film preparation procedure and the use of other scintillator concentrations may alter the
X-ray absorption properties, as well as the optical transmittance per layer of the detector, and improve
its efficiency.

5. Conclusions

In this work, the performance of three compound PMMA/QD nanocrystal films, fabricated
in our laboratory, was experimentally and theoretically evaluated under X-ray excitation. It was
found that the absolute efficiency increases with ZnCulnS/ZnS concentration but that the gain is
negligible for concentrations above 400 mg/mL. The intrinsic conversion was calculated as 0.22,
while the optical photon attenuation in the material was calculated between 64.3% to 70.8% for QD
concentrations between 100 mg/mL to 250 mg/mL, respectively. The theoretical investigation suggested
that ZnCulnS/ZnS QDs might be more efficient in instrumentation using lower X-ray energies, such as
XRD or dedicated equipment for small animal imaging and tissue sample characterization.
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